Recombinant retroviruses are frequently used in the transfer and analysis of genes. This report describes new retrovirus vectors that incorporate a cDNA copy of a cell surface antigen to function as a selectable marker. By using techniques based on quantitative cell surface immunofluorescence, these vectors allow the rapid detection and isolation of infected cells. These vectors also allow the rapid detection of packaging cell lines producing large amounts of recombinant retroviruses. Potential applications of these vectors are demonstrated.
Recombinant retroviruses are frequently used in the transfer and analysis of genes. This report describes new retrovirus vectors that incorporate a cDNA copy of a cell surface antigen to function as a selectable marker. By using techniques based on quantitative cell surface immunofluorescence, these vectors allow the rapid detection and isolation of infected cells. These vectors also allow the rapid detection of packaging cell lines producing large amounts of recombinant retroviruses. Potential applications of these vectors are demonstrated.
Retrovirus-mediated gene transfer has been widely used to study the expression of a variety of genes (2-5, 7, 13) . Advantages to the use of recombinant retroviruses to achieve gene transfer include the ability to generate hightiter virus stocks which efficiently transfer genetic material; the unique integration mechanism of retroviruses, which ensures unrearranged representation of the recombinant sequence in the host genome; and the ability to establish conditions whereby recipient cells receive only a single copy of the genetic material to be transferred. Disadvantages to the use of recombinant retroviruses include the refractoriness of certain sequences to passage as a retrovirus intermediate; the low levels of expression seen in certain cell types; and the limited amount of genetic material which can be incorporated into a recombinant retrovirus.
Many recombinant retrovirus vectors have been designed to contain a cDNA encoding a dominant selectable marker (2-5, 7, 10) . Infected cells are then grown under the appropriate selection conditions to generate cells which express the selectable marker. In this report we describe a series of retrovirus vectors in which cell surface antigens are used as the selectable marker. These vectors allow the rapid detection of cell lines producing high titers of recombinant retroviruses, the ability to detect and isolate infected cells in a short period of time, and the ability to isolate populations of infected cells expressing different amounts of the recombinant retrovirus.
The structure of the recombinant retroviruses used in these studies is outlined in Fig. 1 . The retrovirus vector depicted in Fig. 1A contains the cDNA encoding the human transferrin receptor (8) as the selectable marker and the Tn5 neo gene as the gene whose transfer is being studied. To generate cell lines producing recombinant retroviruses, the plasmid shown in Fig. 1A was mixed with PSV2HIS, an expression vector containing the histidinol dehydrogenase cDNA (S. Hartman and R. C. Mulligan, manuscript in preparation) in a 10:1 molar ratio and transfected into *2 cells (9) . Colonies were generated in medium containing histidinol (11) , and each colony was screened for quantitative cell surface expression of the human transferrin receptor by labeling with fluorescein-conjugated mouse anti-transferrin receptor monoclonal antibody (Becton Dickinson) and analysis on a Becton Dickinson FACS Analyzer flow cytometer, as described previously (1 Fig. 3 , each sequential sort generated a population of cells with greater cell surface transferrin immunofluorescence and higher virus titer. The low initial virus production by the population (prior to sorting) presumably resulted from the cotransfection protocol used to generate these cells. Since no selection for proviral genes was used, many of these cells either do not contain or do not stably express high levels of the plasmid DNA. With sequential cell sorting, there are then increments in both cell surface expression and virus production.
Several mechanisms could be contributing to this increment in surface protein expression and virus titer. Each cell sort could be generating populations of cells with greater amounts of helper virus, the end result being a population whose increased cell surface expression and virus production were secondary to high titers of helper virus. Alternatively, each sort could be selecting for cells with high levels of cell surface antigen expression and virus production that were present in the initial population. Since the data presented in Fig. 2 (7) and pHISBglll (11) . The human transferrin receptor cDNA (TR) was a 2.8-kilobase BamHI-BgIIl fragment from pCD-TR1 (9). The Leu-1 cDNA was a 2.3-kilobase EcoRI fragment (6) . Plasmids depicted in panels B and D have been used in similar experiments; however, a quantitative assessment of virus production and transfer has not been undertaken with these plasmids. LTR, Long terminal repeat; SV40 Pro., simian virus 40 promoter. most likely explanation for our results. Moreover, assays for helper virus, performed by detecting the rescue of an integrated recombinant retroviral genome containing the hygromycin resistance gene by supernatants from each of the sorted populations, failed to reveal any increment in helper virus with each sequential sort (data not shown). In addition, levels of transferrin receptor expression and virus production by these populations were stable for a minimum of 6 months.
Retroviruses contained in the supernatants of high-titer virus-producer cell lines similar to the ones described above have been used to infect both immortalized cells in culture, such as NIH 3T3 cells, and primary cells, such as baby rat kidney (BRK) cells. In both cases, cells expressing the cell surface antigen marker can be detected by immunofluorescence as early as 3 days after infection. In the experiment depicted in Fig. 4 , either NIH 3T3 cells (Fig. 4A ) or BRK cells (Fig. 4B) were infected with a recombinant retrovirus containing the cDNA encoding the lymphocyte antigen Leu-1 (6) as the selectable marker (Fig. 1C) . Three days after infection, cells were assayed for expression of the Leu-1 antigen by immunofluorescence and flow cytometry with phycoerythrin-conjugated anti-Leu-1 murine monoclonal antibody (Becton Dickinson). As can be seen in Fig. 4 Relationship between cell surface immunofluorescence and retrovirus production. tP2 cells were transfected and selected as described in the text and previously (11) . Quantitative expression of the human transferrin receptor cDNA was determinedby labeling with fluorescein-conjugated anti-transferrin receptor antibody (Becton Dickinson). Flow cytometric analysis was performed as described previously (1) . Six colonies with different levels of mean relative immunofluorescence were assayed for the number of recombinant retroviruses produced per milliliter of cell supernatant as described in the text and previously (11) . Fig. 1C by previously published techniques (11) . Three IB.
--LUEt/ -/ ---- (Fig. 1C) . Lane 1, RNA from the population with low surface expression of Leu-1; lane 2, RNA from the starting population; lane 3, RNA from the population with high levels of Leu-1 surface expression.
The presence of a selectable marker which can be quantitated by cell surface immunofluorescence allows attempts to fractionate infected cells into populations with different levels of expression of the cDNA being studied. For example, in the experiment depicted in Fig. 5 , cell sorting was used to fractionate a population of cells (Fig. 5A) infected with the recombinant retrovirus containing the Leu-1 antigen cDNA as the selectable marker and the TnS neo gene as the cDNA whose expression was being studied (shown schematically in Fig. 1C ). Distinct populations of cells with low levels of Leu-1 expression (Fig. SB) and high levels of Leu-1 expression (Fig. SC) were generated. RNA was prepared from the starting cell population as well as the populations with low and high levels of expression and analyzed for relative amounts of retroviral RNA by electrophoresis in formaldehyde-agarose, transfer to nitrocellulose, and hybridization to 32P-labeled retroviral DNA (Fig. 1C) The use of cell surface immunofluorescence as a means of detecting and isolating infected cells has the added advantage of not requiring that selective pressure be applied to the cell. Whether this will prove to be a useful attribute of these vectors remains to be determined. Theoretically, however, the absence of selective pressure may diminish the selection and amplification of clones with rearrangements and other genetic alterations which might dissociate levels of expression of the selectable marker from levels of expression of the gene to be transferred. Supporting such a hypothesis is the fact that we have never observed cells with high levels of expression of the surface antigen which did not also produce correspondingly high levels of the adjacent gene. Furthermore, the use of immunofluorescence to detect infection may make these vectors useful in cell lineage studies (12) or in studies in which recombinant retroviruses are used to study promoter function (11) . It should also be noted that cell-sorting techniques to allow expansion from single cells rather than populations of cells can be used when pure clones of cells are required.
